Abstract: Medullary thyroid cancer is an uncommon malignancy for which until recently little effective treatment existed. It is often characterized by mutation and overexpression of the receptor tyrosine kinases RET (rearranged during transfection), VEGFR2 (vascular endothelial growth factor receptor 2) and MET (mesenchymal-epithelial transition factor), which make attractive targets for drug development. Cabozantinib is an orally bioavailable tyrosine kinase inhibitor which blocks MET, VEGRF2 and RET, and has shown considerable activity in medullary thyroid cancer in a Phase III trial, including in heavily pretreated patients. Its novel combination of vascular endothelial growth factor and MET inhibition is believed to address the MET escape pathway, which is thought to be the cause of nonsustained tumor responses resulting from inhibition of vascular endothelial growth factor alone.
Introduction
Medullary thyroid cancer is an uncommon thyroid malignancy, comprising up to 5% of all thyroid cancers. 1 Unlike follicular and papillary thyroid cancers, which are derived from thyroid epithelium, medullary thyroid cancer is derived from calcitoninsecreting parafollicular cells and is of neuroendocrine origin. Therefore, thyroid hormone levels are typically normal in medullary thyroid cancer, while calcitonin is often elevated and can be used as a biomarker, both in diagnosis and in assessment of treatment response. Early disease confined to the thyroid can be cured with surgery. However, more than 50% of cases are locally advanced or have metastasized by the time of diagnosis. There is considerable heterogeneity in the rate of progression, and 10-year survival rates are estimated at 40%. 1 Cytotoxic treatment for advanced medullary thyroid cancer has poor response rates and a short duration of effect, and there is no accepted standard regimen. 2 The introduction of small molecule tyrosine kinase inhibitors, targeted at known oncogenic pathways, has improved tumor response significantly. Cabozantinib is a potent, orally bioavailable tyrosine kinase inhibitor that targets multiple pathways via the vascular endothelial growth factor receptor 2 (VEGFR2), the rearranged during transfection (RET) receptor, and the mesenchymal-epithelial transition factor (MET) receptor. Cabozantinib has shown considerable antitumor effect in this uncommon disease. This review article will first examine the intracellular signaling pathways that can drive medullary thyroid cancer, and then describe cabozantinib and summarize the results of recent trials using this agent in patients with medullary thyroid cancer.
Key pathways in medullary thyroid cancer
Mutations leading to medullary thyroid cancer can occur sporadically (somatic) or are inherited as an autosomal dominant (germline) mutation. Sporadic medullary thyroid cancer accounts for up to 80% of all disease cases. 3 The mutations frequently involve RET, but can also involve MET and VEGFR. The mutations result in constitutive signaling which promotes tumor development and growth.
RET
RET is a proto-oncogene located on chromosome 10 that codes for a transmembrane receptor tyrosine kinase usually expressed on epithelial-derived cells. Binding by its ligand, glial cell-line-derived neurotrophic factor, activates multiple signaling pathways that promote cell cycling, motility, and survival ( Figure 1) . 4, 5 Mutations in RET are seen in more than 50% of sporadic cases of medullary thyroid cancer and in nearly all inherited cases. 6 Somatic RET mutations in medullary thyroid cancer are associated with increased rates of advanced disease at diagnosis, and in one study were correlated with a worse prognosis.
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M918T was the most common somatic mutation, occurring in 80%.
There are a number of inherited RET mutations, most of which result in medullary thyroid cancer, and usually develop during childhood. These form the syndrome MEN2 (multiple endocrine neoplasia 2), which includes MEN2A, MEN2B, and familial medullary thyroid cancer.
RET is a potential target for therapeutic small molecule inhibitors. A number of tyrosine kinase inhibitors have been developed which target the RET receptor, in addition to targeting other receptors, such as VEGFR. These include cabozantinib, vandetanib, sunitinib, and axitinib. However, for each agent, the degree of RET inhibition relative to inhibition of other receptors varies greatly, and similarly the potency against RET differs between agents (Table 1) . Furthermore, potency may vary according to the particular type of RET mutation. 7 An in vitro study comparing these four agents found cabozantinib to be the most potent inhibitor in MEN2A medullary thyroid cancer and vandetanib to be the most potent in MEN2B medullary thyroid cancer, suggesting that mutation-specific therapy may be of benefit in medullary thyroid cancer. 8 
VEGFR
It is established that angiogenesis is critical for tumor growth and invasion, and that VEGF/VEGFR is a key signaling pathway in many cancers. 9 Tumor growth depends on angiogenesis to ensure a supply of nutrients, and this is most typically driven by VEGF, via VEGF receptors 1, 2, or 3. In malignancy, these pathways are often activated constantly, either by mutation of the receptor leading to constitutive activation, or by tumor-driven upregulation of VEGF expression. Increased expression of VEGF-A, VEGFR-1, and VEGFR-2 has been demonstrated in medullary thyroid cancer, and is seen in 50% of primary tumors and 75% of distant metastases. 10, 11 However, antiangiogenic therapy alone fails to induce durable remissions in many malignancies, and there is evidence that it can ultimately lead to increased tumor invasion and metastasis. 12 This is thought to occur in response to VEGF inhibition via increased activity of alternative pathways, such as MET (see below), in response to tissue hypoxia. In a preclinical mouse model of pancreatic carcinoma, anti-VEGF therapy alone reduced initial tumor size, but led to increased local invasiveness and liver metastases. In contrast, dual inhibition of VEGFR and MET with cabozantinib was associated with reduction in both tumor size and invasiveness, and inhibited the development of metastases. 13 
MET
MET is a proto-oncogene that codes for the hepatocyte growth factor receptor, c-MET, a cell surface receptor tyrosine kinase. In normal tissue, the activated receptor stimulates a downstream signaling cascade to promote cell division and motility, particularly in endothelial cells, and aids in angiogenesis and wound healing.
14 Hepatocyte growth factor, also known as scatter factor, is produced in response to tissue hypoxia and promotes neovascularization to restore oxygenation. MET is frequently mutated, overexpressed, or amplified in tumors. 15 Activated c-MET has multiple downstream signaling pathways, including FAK, PI3K-Akt, and Ras-Raf-Mek-MAPK, which promote cell replication and reduce apoptosis (thus prolonging tumor cell survival and conferring malignant potential), and also result in cell detachment and migration, and thus invasiveness and formation of metastasis ( Figure 1) . 16 When upregulated in response to VEGF inhibition, these act as "escape pathways", allowing tumor progression. Increased coexpression of MET and hepatocyte growth factor has been demonstrated in a subset of medullary thyroid cancer, where the increased hepatocyte growth factor may act in a paracrine fashion. 17 Increased c-MET expression can also occur as a direct result of RET signaling activity.
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Cabozantinib
Initially identified as XL184, cabozantinib (Exelixis, South San Francisco, CA) was developed as a novel inhibitor of the dual angiogenic pathways VEGFR and MET, and also has activity against RET, KIT (mast/stem cell growth factor), Flt-3 (FMS-like tyrosine kinase 3), AXL, and Tie-2 (tunica interna endothelial cell kinase 2, TEK), which are associated with tumorigenesis and malignancy (Table 1) . 19 In vitro data showed that in malignant peripheral nerve sheath tumors, cabozantinib at low concentrations was able to inhibit constitutive and inducible MET phosphorylation. This, in turn, inhibited downstream cell signaling. 20 Preclinical studies involving tumor xenografts in mice demonstrated reduced tumor cell proliferation and blood vessel density, and increased hypoxia and apoptosis. 21 MET inhibition was demonstrated by a reduction in phosphorylation of MET in non-small cell lung cancer xenografts after administration of oral cabozantinib, and tumors were seen to decrease in size in a dose-dependent manner. 22 Central nervous system penetration has been demonstrated in whole brain lysates of non-tumor-bearing mice, where XL184 concentrations were detected at 20% of maximum plasma concentration. 23 The pharmacokinetics of cabozantinib were established in a Phase I trial. 24 Cabozantinib is readily orally bioavailable, Cabozantinib has been trialed in a number of tumor subtypes, including those that have been identified to harbor RET mutations and/or MET mutation, overexpression, or amplification (eg, medullary thyroid cancer, gliomas, non-small cell lung cancer). Responses have been seen in prostate, glioma, non-small cell lung cancer, breast, differentiated thyroid, and hepatocellular carcinoma tumors, among others, but the greatest responses were seen in medullary thyroid cancer, leading to an expansion cohort in the Phase I study followed by the Phase III trial as described below. Ongoing Phase III trials of cabozantinib in other tumor subtypes at the time of writing are in castrate-resistant prostate cancer, where it is being compared with the combination of mitoxantrone plus prednisone (COMET-2 trial).
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Clinical trials Phase i
An initial Phase I trial of cabozantinib in patients with a variety of solid tumors was designed to identify the maximum tolerated dose. An early analysis reported increased activity in medullary thyroid cancer, noting a reduction in serum calcitonin in all treated patients with this disease. This prompted the addition of an expansion cohort of patients with medullary thyroid cancer within the trial, and the final results of the trial were published in May 2011. 24 Of a total of 85 patients receiving treatment, 37 patients had medullary thyroid cancer, including 22 who had a somatic RET mutation, and three who had a confirmed germline RET mutation. Thirty-five of the 37 patients with medullary thyroid cancer had measurable disease as per RECIST (Response Evaluation Criteria In Solid Tumors) criteria. The majority of these patients received the maximum tolerated dose of 175 mg orally daily. Of these, 10 (29%) had confirmed objective response, and 25 (68%) demonstrated a confirmed partial response or stable disease for at least 6 months. Of note was that a response was seen in three patients with medullary thyroid cancer who had been pretreated with vandetanib or sorafenib (which also target VEGFR and RET), supporting the concept of MET being a VEGF inhibition escape pathway and thus a valid target.
Mutational analysis was carried out as part of the trial, and identified 15 patients harboring M918T, a RET mutation associated with poor prognosis. Of these, 12 had a response or stable disease with cabozantinib, noted by the authors to be in contrast with motesanib, which showed no activity in this subset of patients. 26 Clear progression was seen in only one patient with medullary thyroid cancer, in whom a functioning b-raf mutation was detected, but no RET mutation. B-raf signaling occurs downstream of VEGFR, RET, and MET, and may account for the lack of response to cabozantinib seen in this patient.
Toxicity was similar to that seen with other tyrosine kinase inhibitors targeting VEGF and RET. The commonest toxicities of any grade were diarrhea, fatigue, anorexia, and nausea, which occurred in .50% of patients receiving 175 mg once daily continuously. Other adverse events included rash, palmar-plantar erythrodysesthesia (hand-foot syndrome), elevated liver transaminases and lipase, hair color change, mucositis, and hypertension. Grade 3 toxicities occurring with 175 mg daily dose in .10% of patients included fatigue (13%), palmar-plantar erythrodysesthesia (20%), and increased lipase level (18%). The only grade 4 event was a single occurrence of pulmonary embolism.
Phase iii EXAM trial
The response seen to cabozantinib in medullary thyroid cancer in the Phase I study led directly to a large Phase III trial in medullary thyroid cancer, known as the EXAM (Efficacy of XL184 in Advanced Medullary Thyroid Cancer) trial. Interim results were presented at the 2012 American Society of Clinical Oncology Annual Meeting. 27 This was an international, double-blind, randomized, placebo-controlled trial comparing 140 mg of cabozantinib (free base) daily with placebo in patients with locally advanced or metastatic medullary thyroid cancer. Patients were required to have confirmed progression as per RECIST criteria within the previous 14 months, to exclude patients with indolent disease. Again, there was no limit on prior treatment, including other tyrosine kinase inhibitors. A total of 330 patients were randomized to treatment or placebo in a 2:1 ratio. Treatment continued until progression or unacceptable toxicity, and crossover and unblinding were not permitted. The primary endpoint was progression-free survival, with the study having 90% power to detect a 75% increase in progression-free survival. Secondary endpoints included overall response rate and overall survival, as well as toxicity. Tumor response was assessed by computed tomography or magnetic resonance imaging at baseline and 12-week intervals.
At the time of the interim analysis, the primary endpoint had been met. Median progression-free survival, as assessed submit your manuscript | www.dovepress.com
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by an independent review committee, was 11.2 months in the treatment arm versus 4.0 months in the placebo arm, ie, a statistically significant difference of 7.2 months with a hazard ratio of 0.28 (95% confidence interval 0.19-0.40). One-year progression-free survival was reported as 47.3% in the treatment arm versus 7.2% in the placebo arm. Progression free survival was increased in the treatment arm in all prespecified subgroups, including number of prior treatments, prior TKI use, and RET mutational status. The secondary endpoint of overall response rate was 28% in the cabozantinib group versus 0% in the placebo group (P # 0.0001), with a duration of response of 14.6 months which was similar in both RET mutation-positive and RET mutation-negative patients. Overall survival data had not reached the required number of events for meaningful analysis, but there was no difference between the two arms at this early stage. Only 44% of the required overall survival events (deaths) had occurred at the time of analysis, and the data are predicted to mature in 2013.
At data cutoff, 45% of patients in the cabozantinib arm remained on treatment compared with 13% in the placebo group. The primary reason for discontinuation was disease progression (20% in the treatment arm versus 60% in the placebo arm). Adverse events accounted for discontinuation in 16% and 8% of cases, respectively.
Prespecified subgroup analysis showed a statistically significant improvement in progression-free survival in the cabozantinib arm regardless of prior chemotherapy, tyrosine kinase inhibitor therapy, radiotherapy, or the presence or absence of bone metastases. Progression-free survival in MET mutation-positive or unknown status patients was significantly improved, while the MET mutation-negative subgroup showed a nonsignificant trend towards improved progression-free survival with treatment, with a wide confidence interval.
The commonest adverse events in the treatment arm were diarrhea and palmar-plantar erythrodysesthesia of all grades in 63% and 50% of patients, and of grade 3/4 in 16% and 27% of patients, respectively. Constitutional symptoms were common in both arms, but more so in the treatment arm. Taste change, hair color change, hypertension, and stomatitis of any grade were seen in 29%-34% of patients on active treatment and only 1%-6% of patients on placebo. Grade 3/4 hypocalcaemia was seen in the treatment arm in 9.3% of patients versus 0% in the placebo arm. Comment was made on the difference in median duration of exposure (cabozantinib 6.7 months versus placebo 3.4 months) and on the fact that symptoms such as diarrhea and fatigue are also common symptoms of active medullary thyroid cancer itself. No comment on the statistical significance of the differences in adverse events between the two arms was made, although this is likely to be reported in the formal publication of this analysis. Four deaths in the treatment arm were from events attributed to VEGF inhibition, namely fistula formation 3 and hemorrhage. 1 Assessment of the biomarkers calcitonin and carcinoembryonic antigen at 12 weeks after commencement of treatment showed a significant correlation with treatment and tumor response. Calcitonin fell on average by 45% in the cabozantinib arm, and increased by 57% in the placebo arm (P , 0.0001). The increase in calcitonin seen in the placebo arm indicates that, as planned, the study population had active disease.
Discussion
The results of EXAM indicate that cabozantinib has significant activity in patients with medullary thyroid cancer, including those pretreated with cytotoxic and targeted therapies. The full extent of benefit will depend on the final overall survival data. Nevertheless, the initial results from the Phase III trial raise the real possibility of an effective treatment for a disease that previously had no effective systemic therapies. Increased toxicity remains a cost of extended multikinase inhibition, because each pathway has a role in the normal function and homeostasis of cells. Adverse events for cabozantinib were found to be similar to those with other tyrosine kinase inhibitors, suggesting that the agent will be tolerated in a similar fashion to the tyrosine kinase inhibitors already being used in clinical practice.
Other tyrosine kinase inhibitors have also shown promise in treating patients with medullary thyroid cancer. These include vandetanib and motesanib. Vandetanib, although not inhibiting MET, does have anti-VEGF, anti-RET, and anti-epidermal growth factor receptor (EGFR) activity, and was found to prolong progression-free survival significantly compared with placebo in a Phase III trial of patients with medullary thyroid cancer, with a hazard ratio of 0.46 (95% confidence interval 0.31-0.69; P , 0.001). 28 In April 2011, vandetanib was approved by the US Federal Drug Administration for use in metastatic medullary thyroid cancer.
The activity of vandetanib in medullary thyroid cancer suggests that EGFR inhibition may have a role in its treatment. EGFR pathway activation is a recognized contributor to malignant progression of several tumors, and EGFR and VEGFR2 overexpression and activation have been demonstrated in medullary thyroid cancer metastases. 29 However, inhibiting EGFR submit your manuscript | www.dovepress.com
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is associated with upregulation of MET, leading to tumor escape. 30 Dual inhibition using erlotinib (an EGFR inhibitor) and cabozantinib has been shown to be active in tumor cell lines that are resistant to either agent alone. 22 Whether this combination would yield superior results to cabozantinib as a single agent in humans is yet to be tested.
Targeting MET without knowing the MET mutation or amplification status may potentially reduce overall efficacy. Onartuzumab (MetMAb, Genentech, South San Francisco, CA), a monoclonal antibody that directly inhibits hepatocyte growth factor-MET binding, significantly prolonged overall survival in a cohort of patients who harbored high levels of MET, yet those with low levels performed worse than the control arm when this agent was used in non-small cell lung cancer. 31 Whilst these results are not from a Phase 3 trial, the implication for cabozantinib exists: should it be reserved only for medullary thyroid cancer expressing high levels of c-MET or harboring specific MET mutations? Or is the success of cabozantinib related to its ability to prevent the formation of "escape pathways" before they develop (and thus before significant amplification of MET), whilst simultaneously attacking VEGFR and the key proto-oncogene RET? Its broad level of activity in a number of solid tumors regardless of MET status indicates that the latter may be the case.
Ultimately, the role that cabozantinib will play in the management of patients suffering from medullary thyroid cancer will require head-to-head trials with the other agents shown to have activity against this tumor type. Perhaps most importantly, cabozantinib provides a novel targeted combination with proven efficacy, that may have application in a wider variety of tumors and contribute to our understanding of the biology of metastatic disease.
Addendum
Cabozantinib received FDA approval for use in medullary thyroid cancer in November 2012.
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